Abstroet -The existence of complex modes in electrically shielded suspended coupled microstrip lines has been studied extensively, and the results are presented. A rigorous full-wave spectral-domain approach (SDA) with a newly proposed and tested set of basis functions can efficiently and accurately determine the propagation characteristics of the dominant, higher order, and complex modes for planar or quasi-planar transmission lines. These basis functions are validated by comparing the convergence study of field solutions with those obtained by various sets of preconditioned bases and by the unconditioned subdomain ones. Excellent agreement is obtained for the propagation constants and the normalized complex longitudinal and transverse current distributions on conducting strips for the strongly coupled microstrip lines. This suggests that the proposed set of basis functions can be a viable candidate for the SDA in analyses of planar or quasiplanar transmission lines.
INTRODUCTION LANAR AND quasi-planar transmission lines are
P the most commonly used waveguides in microwave and millimeter-wave integrated circuits [ 11, [2] . Various applications such as impedance matching, filter, and coupler designs may inevitably introduce discontinuities into the passive circuits. Therefore the characterization of planar or quasi-planar transmission line discontinuities becomes an important task for the computer-aided design (CAD) of microwave and millimeter-wave integrated circuits [3] . For electrically shielded planar and quasi-planar transmission lines, many authors have reported that the fundamental, higher order, evanescent and complex modes may coexist [41-[7] . As Omar and Schunemann reported in their work of finline analysis [4] , complex modes and backward-wave modes may exist in any planar guiding structure with closed boundaries. Later the inhomogeneously and anisotropically filled waveguides [5] and the symmetric microstrip line [6] , [7] were also found to support complex modes. Overlooking either one or both Manuscript received March 31, 1989; revised April 17, 1990 . This work was supported in part by the National Science Council under of a pair of complex modes in the waveguide discontinuity analysis may lead to an irregularity of circuit parameters in the entire frequency spectrum of interest [8] .
So far two methods for obtaining the solutions of the complex modes for microstrip and slotlines (or finlines) have been reported. The singular integral equation (SIE) technique has been efficiently applied to analyze a symmetric finline [4] and a microstrip line [6] . In the literature [7] , a discrete space-domain formulation has been used to calculate various modes for a symmetric microstrip line in closed structure.
Notice that all the reported solutions of the complex modes are for symmetric transmission lines. Besides the SIE and the discrete space-domain approach, the spectral-domain approach (SDA) is the most widely used method in analyzing millimeter-wave planar or quasiplanar transmission lines for the dominant and the first few higher order modes [41. This paper extends the SDA to analyze the possible existence of complex modes in symmetric or asymmetric planar or quasi-planar transmission lines embedded in a layered dielectric medium. Should both longitudinal and transverse current distributions on each conducting strip be correctly obtained for any type of modal solution, the field solutions would be exact. One of the objectives of this paper is to obtain currents that are as close to being true as possible for any modal solution of general printed circuit lines. To achieve this, a newly proposed set of basis functions satisfying the criteria reported by Jansen [9] is derived from a twodimensional electrostatic wedge problem.
Subsection 11-A briefly describes the basic features of the SDA, and subsection 11-B lists the proposed set of basis functions with detailed discussions. Subsection 11-C qualitatively compares the numerical efficiency of the proposed bases with various types of preconditioned bases, namely 1) the sinusoidal type [lo], [ll], i.e., Fourier sine and cosine series divided by a term that corresponds to the edge singularity of an infinitely thin metal strip, and 2) the Chebyshev type [12], i.e., Chebyshev functions of the first and second kinds modified by the edge condition. These two sets of basis functions will be designated as S (sinusoidal) type and C (Chebyshev) type herein.
To test the accuracy of results obtained by using the proposed bases, subsection 111-A performs a comparative convergence study of the complex modes obtained by 
FORMULATION

A. Spectral-Domain Approach
The SDA has been widely accepted for analyzing transmission lines, regardless of whether they are open or closed structures [141. When analyzing the coupled microstrip lines embedded in a layered dielectric medium as shown in Fig. 1 , the SDA is even more attractive if the concept of the immittance approach is invoked [151. Conceptually the immittance approach, which combines network and field theories, provides much more physical insight than other techniques developed for microstrip and slotline analyses. For the structural geometry shown in Fig. 1 , the SDA starts with the Fourier transform defined as follows: where y is the propagation constant to be determined and exp(jwt -y z ) is assumed.
Next, the Galerkin procedure is applied to (2). The unknown surface current densities on each conducting strip are expanded by a complete set of basis functions.
After matching the final boundary conditions imposed on the metal-dielectric interface, e.g., y = h, + h, in Fig. 1 , a nonstandard eigenvalue problem can be formulated, namely
The propagation constants ( y ' s ) are the roots of (3). These roots may stand for the fundamental, higher order, evanescent, or complex modes for the coupled microstrip lines. The integer subscript p stands for the order of the square matrix G.
B. The Proposed Set of Basis Functions and Its Derivation
Motivated to obtain very accurate modal solutions, including the possible existence of complex modes, we seek to develop an alternative set of basis functions. Jansen [91 listed six criteria for obtaining basis functions used in the SDA, namely 1) edge condition, 2) twice continuous differentiability, 3) completeness, 4) integral relationship between longitudinal and transverse currents of a microstrip line, 5) ability to represent nearly true modal current distributions, and 6) capability of being Fourier transformed. Now consider the two-dimensional electrostatic wedge problem shown in Fig. 2 , in which the complete solution for the surface charge distribution at point PI,=o can be expressed as [16] In (5) and (6), the bl,'s and bZn's are constants and
is the sum of JzlI(ul) and Jz12(u1):
is to be forced to zero at U , = -1 (+ 1). One possible way of doing this is to adopt
where plus is for m = 1, minus is for m = 2, and n is the order of the basis functions. In (7), Nb is the number of basis functions ( jzlmn) used in the SDA for the expansion of Jzll or JZl2. Notice that the edge condition of an infinitely thin strip is guaranteed by the asymptotic behavior of Jzlm(ul) at U , = -1 and 1 for m = 1 and 2, respectively. For example, as U , approaches -1, jzlll(ul) prevails and the asymptotic behavior 8-l" is guaranteed. On the strip away from the edges the longitudinal current distribution is then modeled by (7) and (8). Notice also that criterion 3 is satisfied by (7) 
where a ( x ) has been defined in (4), we obtain 
where the plus and the minus correspond to the subscript m = 1 and 2, respectively. Notice that Jxl(u,) vanishes at the rate of at U , = -1 and U, = 1. In addition, jxlln(l) = 0 and jx12,(-1) = 0 for all n > 1. By doing so, Jxll(ul) and Jx12(u1) have no influence on the transverse current distribution at the edges U , = 1 and u1 = -1, respectively. Although there are many possible ways of doing this, (7) and (8) and (10) and (11) are found to be capable of modeling true current distributions. When n = l and 2, the Fourier transforms of ( l + u~)~/~-~ can be readily derived, and the results are e-'' W, J ; ; 2 
0
By definition and by integrating by parts, F[(1+
with n > 3 can be expressed as
for any real function Wx), where the asterisk denotes the complex conjugate, the Fourier transform of (1 -u~)~/~-~ can be readily obtained from that of (1 + The numerical evaluations of e and 3 can be found in [MI. Thus criterion 6 is satisfied. Now, only criterion 5 has not been addressed.
It is obvious that the basis functions in (8) and (11) are well suited to determine the current distributions on the asymmetric coupled microstrip lines in Fig. 1 . Even in the case of a symmetric structure, e.g. a symmetric microstrip line, they automatically result in both even and odd modes of solutions. One of the most advantageous features of the SDA is the fact that the preconditioned basis functions do not have to be very accurate to obtain a moderately accurate propagation constant for practical applications [ 191. An insufficient number of basis functions and inaccurate bases, however, will result in poor SDA solutions 1193, [20] . This is due to the fact that criterion 5 in subsection 11-B is violated.
C. Other Bases Commonly Used for
To verify the fact that the proposed set of bases is capable of modeling true currents, i.e., criterion 5, we incorporate the SDA basis functions employed in [10]- [12] into the analysis of asymmetric coupled microstrip lines for comparative study. The Fourier transforms for these sets of basis functions are listed here for reference.
1) Sinusoidal (S) Type [lo], [ll]:
where p , = ( n /2)rr. [12] :
2) Chebyshev (C) Type
In (16) through (19), the center of the strip is located at x = 0. B, is the nth-order Bessel function of the first kind, n = 0,1,2,. * a , and W is the half-width of the strip.
To compare the numerical efficiencies of the three sets of global or preconditioned bases, we must compare the CPU times used for setting up the determinantal matrix G in (3). For the proposed bases, a) F[(l+ for n 3, can be obcained by fhe application of recursive formula (15); b) jxlm,(a) = jzlmp(a), p = n + 2 for m = 1 or 2, ( (8) and (11)); and_ c). L,,,(a) and iXlZn(a) are the complex conjugates of jzlln(a) and jxll,(a), respectively, for n = 1,2; . -, Nb (subsection 11-B). Therefore the most time-consuming part is the -evaluation of_ Fresnel integrals. The computations of jzlmn(a) and jXlm,(a) invoke simple algebraic computations on the stored data. Our experiences show that the CPU time of the SDA program using bases of the S type is nearly 10% more than that using bases of the C type or the bases proposed for implementing a determinantal matrix of size 32 X 32.
RESULTS
The legitimacy of the proposed bases will be tested against the existing ones, namely, the preconditioned S and C types and the unconditioned subdomain bases. We choose a pair of asymmetric strongly coupled microstrip lines ( Fig. 1) with aspect ratios of S, : W, : S, : W, : S, = 89.5:20: 1:40:49.5 as a test case. This can be a difficult situation for the SDA program to obtain an accurately converged result for any modal solution. Due to the strong coupling between the adjacent edges, a sufficient number of bases and a sufficiently large number of spectral terms are required to obtain very accurate results. Similar experience was'reported in [lo] , where a square matrix of order 20 and lo5 spectral summation terms were used to obtain accurate electromagnetic field solutions for a narrow microstrip with a shielding/line width ratio of 30. Here, a square matrix order from 32 to 40 (16 to 20 for one strip) and a number of spectral terms N from lo4 to lo5 are used in the SDA program to perform the comparative convergence study of various types of bases.
The discretized, or subdomain, bases [13] are also incorporated into the SDA to verify the solutions. Each conducting strip is partitioned into M intervals of equal width, and the modeling of current distributions in each interval is similar to that of [13] except that the first three terms of (5) and (6) are used to account for the edge condition in the outermost intervals. These unconditioned subdomain bases enforced with the edge condition are simply called the unconditioned bases or the subdomain bases throughout the paper.
The results reported herein are obtained by using the RM/FORTRAN version 2.4 on an IBM personal computer or the VAX/VMS FORTRAN on a VAX-3200 workstation. Both result in the same answers for all the particular case studies presented here. Since one of the goals of this work is to obtain modal solutions that are as accurate as possible, faster converging algorithms, such as the technique reported in [7] are not used. No approximation is made except for the truncation on the finite number of spectral summation terms N . Al1,the variables in the SDA program are declared as double precision to maintain the best accuracy. Table I presents the solution of the complex mode of the asymmetric strongly coupled microstrip lines analyzed at 150 GHz. Two aspects of the convergence study will be discussed, namely the number of spectral terms ( N ) and the number of basis functions (A$). The bases adopted in Table I fall into two classes, namely preconditioned bases and unconditioned subdomain bases. The results obtained by the SDA using the preconditioned S and C types and the proposed bases are compared. Then the nearly converged solutions obtained by these preconditioned bases will be compared with those obtained by the unconditioned subdomain bases.
A. Convergence Study of the Modal Solution of the Strongly Coupled Microstrip Lines
To expand J, and J, on a conducting strip, the proposed set of bases uses a total of 4Nb basis terms, compared with the S or C type, which applies 2 Nb terms. Therefore the matrix G in (3) established by the proposed bases for the asymmetric coupled microstrip lines is 8Nb X 8Nb in size, and that established by the S or C type is 4Nb X4Nb. For the same matrix size, we list the results with Nb = 6, 8, and 10 for the S and C types whereas Nb = 3, 4, and 5 for the proposed bases. The subdomain bases, however, need not have the same matrix size. Since we are interested in the nearly converged results, only the solutions with M = 20 and M = 40 are presented.
On the other hand, the results with N = lo4 and 5 X lo4 are presented for all types of bases, except that an additional case with N = lo5 terms is used for the subdomain bases.
As shown in Table I , the normalized propagation constants, i.e. y / k , ( = a / k , + j p / k , ) , converge to 6.9 x lop4% (3.8 x lop2%), 2.6 x lop5% (9.9 x and 6.5 X loF6% (1.6 X lov4%) for a ( p ) obtained by the use of S type, C type, and proposed bases, respectively, when the matrix size is increased from 32x32 to 40x40 with N = 5 x 1 0 4 . As N increased from lo4 to 5X104 with matrix size 40 x 40, it is seen that all three preconditioned We do not know yet which set of basis functions results in the closest solution to the true current. Thus the next subsection plots the complex modal J, and J, current distributions for the comparative study.
B. Current Distributions on Strongly Coupled Microstrips: Capability of Modeling True Current Distributions -Criterion 5
The preconditioned basis functions in the SDA are required in order to represent the true modal current distributions. For the particular case of the asymmetric strongly coupled microstrip lines discussed in subsection 111-A, the current distributions for the complex modes obtained by the proposed bases may nearly converge by using Nb = 4 and N = 5 X lo4, whereas bases of the S type and the C type require the use of Nb = 10 and N = 5 X lo4. Fig. 3 illustrate the magnitude and phase of the normalized J, and J, on strips 1 and 2 for one of the complex modes. All the current components are normalized by the total longitudinal current on strip 1, i.e., I,. Using the same structural parameters and the same complex mode in Table I , the results obtained by the unconditioned subdomain bases and various preconditioned bases are presented. The number of spectral terms N and the number of intervals M used for the case of subdomain bases are lo5 and 40, respectively.
Parts (a) through (d) of
As shown in parts (a) through (d) of Fig. 3 , the normalized current distributions obtained by the S type and C type bases are oscillatory. Not shown in these figures is the fact that the magnitudes of the oscillations surrounding the plots computed on the basis of the proposed bases decrease as Nb increases from 6 to 10. The current distributions presented for the S and C type bases are those for Nb = 10. In an average sense, all the bases result in close agreement for the normalized J,, and Jz2 components; however, the normalized J,, and Jx2 obtained by bases of the C type deviate appreciably from those obtained by the others. Notice that the longitudinal (Iz1 or Jz2) and transverse (JX1 or Jx2) currents of the complex mode are comparable in magnitude while the longitudinal currents may be approximately two orders of magnitude bigger than the transverse currents for the dominant modes. This reflects the fact that the normalized complex propagation constants obtained by bases of the C type converge to slightly different real part ((U) values than those obtained by other types of bases, as shown in Table I . For the case of the proposed bases the current distributions are in excellent agreement with those obtained by the subdomain bases. This supports the fact that the normalized propagation constants obtained by subdomain bases are in closest agreement with those obtained by the proposed bases (See Table I ).
For the dominant c and T modes under the same test conditions, i.e., the strongly coupled microstrip lines, the convergence of the propagation constant and the normalized current distributions obtained by the unconditioned and the three types of preconditioned basis functions has also been investigated. It was found that the above-mentioned results for the complex mode also apply to these two dominant modes. Thus the proposed set of bases is capable of modeling true currents on coupled microstrip lines. solutions is carried out by using the proposed basis functions with Nb = 3. Parts (a) and (b) of Fig. 4 plot the odd-and even-mode dispersion characteristics of the particular suspended coupled microstrip lines, respectively. At the high-frequency end, the dominant mode is designated as mode 1, the first higher order mode as mode 2, and so on. Reading from the right of each figure, the primed number denotes the mode coming out of the complex mode region. The backward-wave and complex mode regions are designated as bk and c k , respectively. The subscript k denotes different regions for the backward-wave and complex modes in the figure. The W-band (75-110 GHz) waveguide housing of 2 . 5 4~ 1.27 mm2 (100x50 mil2) is used. The relative dielectric constant of the suspended substrate is 2.2, and the thickness is 15 mils.
The odd-mode case of Fig. 4(a) consists of two distinct sets of complex modes. One ranges from under 50 GHz to 138 GHz, the other from 73 GHz to beyond 150 GHz. Notice that these two regions of complex modes have nearly the same values of imaginary ( p ) parts. In the case of the even mode, Fig. 4(b) indicates that the first higher order mode has a cutoff frequency near 55 GHz, which is the reduction of the cutoff frequency of an air-filled W-band waveguide (59 GHz) due to the presence of the dielectric layer. The first pair of complex modes is beyond 130 GHz.
Keeping the same physical structure as used in Fig. 4 except for an increase in the relative dielectric constant from 2.2 to 10, the odd-mode case of Fig. 5(a) has four sets of backward-wave modes and nine regions of complex modes, and the modal solutions become much more complicated than those in Fig. 4(a) . Notice that mode 1 and mode 2, and mode 6 and mode 7 do not intersect as shown in the zoomed windows. Similarly, Fig. 5(b) of the even-mode case has at least two and six sets of backwardwave and complex modes, respectively, in the frequency spectrum plotted.
Through the particular case studies investigated, a few observations from the modal solutions with complex modes are made: 1) the complex modes and the backward-wave modes may start to appear as the second and the third higher order modes ( See Fig. 5) ; 2) the complex modes may start to appear in the third and fourth higher order modes even when a low-dielectric-constant substrate is used (See Fig. 4(a) ); 3) the complex modes may spread entirely beyond the frequency spectrum of interest for certain suspended coupled microstrip lines (See Fig.  4(a) ); 4) the complex modes may repeatedly occur within a certain frequency band (See Fig. 5(a) ); and 5 ) the above-cutoff higher order modes may result in the generation of complex modes (See Fig. 5(b) ).
Therefore, for the particular case study of the suspended coupled microstrip lines, it is important to take into account the existence of the complex modes in formulating the discontinuity problem.
IV. CONCLUSION
An extensive convergence study of the full-wave spectral-domain analysis (SDA) of quasi-planar suspended coupled microstrip lines is presented. It validates the use of the proposed set of bases incorporated into the SDA program. In particular, the case of the suspended strongly coupled microstrip lines is investigated thoroughly. The comparative analyses of the normalized current distributions, which are obtained by the proposed bases and other commonly used preconditioned and unconditioned bases, indicate that the solutions based on the proposed bases exhibit the smoothest current distributions for the complex modes and have excellent agreement with those obtained by the unconditioned subdomain bases. Thus this paper provides a viable set of basis functions for the SDA in analyzing transmission lines of planar or quasiplanar structures.
Of more importance is the fact that the suspended coupled microstrip lines may have complex modes which start to appear as the first few higher order modes even when a substrate of low dielectric constant (E, = 2.2) is used. In contrast to the suspended coupled microstrip lines, the symmetric finline may have complex modes at fairly higher order modes, say the eighth higher order mode [81. Thus the characterization of the discontinuity problem of the suspended coupled microstrip lines would have inaccurate results if the effects of the complex modes were not included in the analysis. The results presented in this paper may prove useful for understanding the operation of microwave or millimeter-wave circuits integrated by suspended coupled microstrip lines involving discontinuities.
